Abstract-Second order statistic based Spatial Interference Suppression has been shown effective in suppressing strong interference from jammers or concurrent transmissions. However, hardware impairments in the RF front end can be a major impediment to the design of such systems since the interference can be several orders of magnitude stronger than the signal. IQ mismatch is found to limit the interference suppression ability due to the creation of additional interference eigen modes from the image band of the interference source. We show how the concept of expanding the received signal sub-space can be used to mitigate this effect, and present an architecture for interference suppression in the presence of IQ mismatch. Simulation results indicate 12 dB more interference suppression when using the proposed architecture to compensate for IQ mismatch in indoor environments.
I. INTRODUCTION
Communication system design today is not just about maximizing the spectral efficiency of a link. As the number of wireless devices contending for the shared wireless medium continues to rise sharply, it is imperative to have means that allow concurrent usage of the available spectrum. Central to this objective is the development of methods that allow suppression of interference caused by other transmissions in a network thus enabling concurrent links. Interference suppression capabilities are also essential to overcome the presence of strong jammers in the environment, a scenario typical of military communication systems.
Second order statistic based interference suppression techniques are an attractive option for the design of such systems primarily for two reasons [1] . First, receiver architectures based on the MMSE solution typically require channel estimates, which are hard to obtain in the presence of strong interference. Secondly, packet based systems need the packet detection and synchronization mechanisms to function even in the presence of strong interference, and this requires a front end filter which can make use of only second order statistics. It is therefore interesting to investigate what factors limit the interference suppression ability of such systems, as they might lead to answers about the bounds on jammer suppression or concurrent links supportable in practical communication systems. Moreover, it is important to mitigate these limits on interference suppression as we push for denser networks and more jammer resistance.
RF impairments in the analog circuitry have been known to limit the performance of communication systems [3] , and their impact is more pronounced as we move to multi-antenna and multi-carrier systems. IQ mismatch degrades the performance of MIMO-OFDM systems at high SNR owing to interference caused from the image band [5] . This problem is even more serious in spatial interference suppression systems since the interference can be several orders of magnitude stronger than the signal. Moreover, it is hard to estimate the IQ mismatch parameters in the presence of strong interference. Therefore existing techniques for IQ mismatch compensation that are based on estimating these parameters cannot be directly applied to interference suppression systems.
This paper uses the concept of expanding the received signal sub-space to compensate for IQ mismatch in spatial interference suppression systems. The idea has been used to correct for IQ mismatch in MIMO-OFDM systems [5] , and we propose an interference suppression architecture that is inspired by this idea.
Section II presents a brief overview of spatial interference suppression. Section III describes the mechanism behind limited interference suppression ability due to IQ mismatch. Section IV describes an architecture for IQ mismatch compensation in narrowband interference suppression systems, based on the expanded sub-space concept and Section V extends this architecture to wideband systems. We present simulation results in Section VI and conclude in Section VII.
Notation: We use (.) ⇤ to represent the conjugate and (.)
H to represent the conjugate transpose of a matrix.
II. OVERVIEW OF SPATIAL INTERFERENCE SUPPRESSION
Spatial interference suppression is based on the observation that correlated copies of the interference signal are received on each receive antenna. This correlation can be exploited to suppress the interference below the level of the thermal noise, which can be assumed independent on each antenna. Consider the system in Fig. 1 . The received signal vector y is a linear combination of the signal vector x s , the interference signal vector x i and the white gaussian noise vector v. Assuming quasi-static rayleigh flat fading channels H s and H i ,
In communication systems, the primary aim is to estimate the transmitted signal x s , and the optimal linear estimator is known to be the MMSE solution. However, this linear filter relies on channel estimates, which could be hard to obtain accurately in the presence of strong interference. Secondly, packet based systems need additional functionalities like packet detection and synchronization which are adversely affected in the presence of interference. Therefore, it is desirable to have a frontend filter W (Fig. 1 ) that can suppress interference in order to facilitate packet detection and synchronization even in the presence of strong interference. Several frontend filters based on the spatial covariance (second order statistics) of the received signal have been considered for this purpose [1] . The objective here is to maximize the signal to interference plus noise ratio (SINR) at the output of the frontend filter, as this would enable better packet detection. The frontend filter W linearly operates on the received signal y to produce p, and the output SINR ⇢ can be computed using the following equations.
where 
Another filter that relies solely on the spatial covariance of the interference plus noise is based on Sample Matrix Inversion (SMI), and is given by [2] 
Both these filters are effective in suppressing interference as they involve matrix inversion of the spatial covariance of the interference plus noise. As depicted in Fig. 1 , this gives rise to nulls in the spatial domain in the direction of the interference sources. Another way to look at this is to consider the eigen value decomposition of the spatial covariance matrix (6) . If there are m independent interference sources whose received powers are above the noise floor 
With r receive antennas, the maximum number of degrees of freedom at the receiver can be r. Therefore, for a signal with s spatial streams, the interference can be suppressed completely as long as m + s <= r. Consider the case when s = 1, and W SMI is used as the frontend filter. The output SINR ⇢ can then be simplified to
The eigen values of W SMI are equal to
where (9) is true when
Thus, when the interference sources are much stronger than the signal (which is assumed to be unit power) and the noise, applying the matrix W SMI nulls out the eigen modes corresponding to the m interferers, and leaves r m eigen modes with an SINR equal to the SNR on average. However, when the number of interferers is more than r s, it is not possible to null the interference without nulling the signal as well, and this limits the interference suppression ability. In order to quantify the limit on interference suppression, the SINR gain is defined as the gain in SINR from the input of the filter W to the output
If the interference can be completely suppressed, ⇢(gain) increases linearly with the interference strength expressed in dB. However, ⇢(gain) saturates once the limit on the interference suppression ability of the system is reached. IQ mismatch occurs in quadrature mixers due to improper matching between the I and Q branches (Fig. 2) . Any deviation from the ideal phase difference of π 2 between the I and Q branches is known as a phase mismatch, and a gain mismatch is caused if the amplitudes of the I and Q branches are unequal. A simplified model of IQ mismatch is described below [4] , where y LO (t) is mixed with the incoming signal.
where α is the gain mismatch (when mentioned in dB it is equal to 10 log 10 (1 + α)), φ is the phase mismatch and ω 0 is the operating frequency. Now if y(t) is the complex baseband equivalent of the incoming signal y RF (t), then the complex baseband equivalent of the distorted signal after IQ mismatch z(t) can be represented by the following equations
(13)
where we assume that the higher frequency components of z(t) have been filtered out. The equivalent signal in the frequency domain Z(f ) can be obtained from the property of the fourier transform, y
We therefore see that the baseband signal Z(f ) is affected by interference from the image band Y * (−f ) of the received signal, as illustrated in Fig. 3 . In the ideal case when there is no IQ mismatch, α = 0, φ = 0 and therefore v 1 = 0. Thus in the absence of IQ mismatch, direct conversion receivers have infinite image suppression. However, analog receivers today can achieve atmost 35-40 dB of image suppression [3] . Interference suppression systems typically have to deal with interference signals which can be more than 30 dB stronger than the desired signal, which means that the image band of Fig. 3 . Interference from the image band due to IQ mismatch the interferer might be of the order of or even higher than the signal strength (Fig. 3) . Assuming the IQ mismatch on each RF chain to be independent, the distortion caused by IQ mismatch (14) can be extended to the multi antenna case
where
, w is the effective noise after IQ mismatch and we define ψ = Uγ + Vγ * , the resultant received interference signal vector. Now consider spatial interference suppression applied to the distorted signal z. The spatial covariance of the interference plus noise R ψ+w used to compute W SMI is equal to
We observe from (18) that once the image band of the interference signal (VR * γ V H ) rises above the noise floor (R w ), it creates additional eigen modes in the spatial covariance matrix. In the worst case the number of interference eigen modes double (19), as every strong interferer now generates interference from its image band as well. Going back to (9) in the previous section, this means that the interference can be completely suppressed only if m ≤ r−s 2
, beyond which part of the signal is nulled as well. Thus we can effectively null out only half as many interferers as before, and the SINR gain saturates once we have additional interference sources.
IV. IQ MISMATCH COMPENSATION IN NARROWBAND SYSTEMS
Since IQ mismatch causes excess interference from the conjugate of the signal (14), this suggests on an intuitive level that it might be possible to mitigate this effect if the signal and its conjugate are considered together. This idea, known as linear -conjugate linear filtering [6] has been shown useful for the processing of improper complex random processes where the real and imaginary parts of the signal process are dependent on each other. In this case the impropriety to the complex baseband signal is introduced due to IQ mismatch.
A. The Expanded Subspace Concept
Consider the following formulation for MIMO systems [5] , derived from (17) at sample time n.
Here UH s and U ⇤ H ⇤ s in the effective channel matrix of (20) represent the contribution of the desired signal. By using the received signal and its conjugate to decode the signal, the information from VH ⇤ s and V ⇤ H s can now be used to estimate the signal instead of considering it as interference. As long as it is possible to estimate the expanded channel matrixH of size 2r ⇥ 2s (where r is the number of receive antennas and s is the number of signal spatial streams) the effect of IQ mismatch can be mitigated.
It is important to note here that the parameters of the IQ mismatch are not explicitly being estimated, rather it is the effective channel after IQ mismatch that is estimated. Estimating the parameters of the IQ mismatch can be very challenging in the presence of strong interference. Moreover, since the degradation is caused by the interferer's image band, the use of pilot signals to estimate these parameters will not be effective. Thus compensation techniques that rely on the estimation of the IQ mismatch parameters cannot be directly applied to the interference suppression problem.
In fact, in a packet based communication system that uses a frontend filter for interference suppression, even using (20) to decode the signal can be problematic. This is because in the presence of IQ mismatch the interference is not suppressed completely at the output of the frontend filter W, which might lead to poor estimation of the effective channelH or even worse the packet might not be detected at all. It is therefore essential to suppress the interference at the frontend completely even if we can compensate for IQ mismatch at the MIMO decoder by using the architecture proposed in [5] .
The idea of considering the signal and its conjugate jointly can be extended to the frontend filter W. Using the system (20), the spatial covariance R˜ +w of the interference plus noise can be computed to be
The eigen values of this covariance matrix can be represented as
This is in essence an expansion of the received signal subspace to achieve 2r degrees of freedom, where r is the number of receive antennas. However, the distorted interference signal consists of interference from m interferers and its m mirror tones, and therefore still has only 2m eigen modes in the expanded sub-space. For a signal with s spatial streams, the interference can now be completely suppressed as long as 2m  2r 2s or m + s  r. Thus, if the interference could be completely suppressed in the absence of IQ mismatch using spatial interference suppression, then using the expanded subspace concept the interference can be completely suppressed even in the presence of IQ mismatch. Moreover, this concept of expanding the sub-space can be applied to second order statistic based interference suppression in general, since these filters involve inversion of covariance matrices. Fig. 4 depicts an interference suppression architecture with IQ mismatch compensation, which is based on the expanded subspace concept. The basic idea is to compute the interference suppression filter by considering the signal and its conjugate together. The interference suppression filterW SMI can be calculated in terms of the expanded spatial covariance matrix R˜ +w asW
B. Architecture for IQ Mismatch Compensation
This filter is of size 2r⇥2r, and is formed by inverting a matrix of size 2r ⇥ 2r. As noted in [5] , the additional complexity associated with the expanded subspace concept is inverting a matrix with double the dimensions. The distorted signalz is filtered to producep, which is given by
We note here that p ⇤ (n) is merely the conjugate of the desired signal p(n). Therefore p ⇤ (n) need not be computed explicitly, and the lower half of the matrixW SMI does not have to be computed. IfW SMI is written in block matrix form consisting of four r ⇥ r matrices,
Then effectively only (27) needs to be implemented
However, this still needs the inversion of the 2r ⇥ 2r matrix R +w . It is worth noting here that it is now essential to decode the signal and its conjugate jointly (using (20)) in the generic receiver following the interference suppression filter. This is because (27) combines the signal with its conjugate, and the resulting mixing needs to be corrected at the decoder.
V. IQ MISMATCH COMPENSATION IN WIDEBAND SYSTEMS
Wideband systems typically have to deal with frequency selective channels, which can hamper the performance of interference suppression, since the delayed copies of the interference signal give rise to additional interference eigen modes in the spatial covariance matrix. Traditionally, multipath in wideband communication systems has been taken care of by building equalizers that depend on training data or using OFDM systems that require a Cyclic Prefix. However, the interference signal can be assumed to contain neither of these. In such a case, a convenient approach is to sub-band the signal so that the effective channel in each of the sub-bands is more or less flat, and to apply the frontend filter to every sub-band. However, the energy from neighboring sub-bands still leaks in since the tones in the interference signal are not orthogonal, and this again causes a spreading of eigen modes. Typically, some sort of windowing is used to suppress this adjacent channel interference [9] , and the complete sub-banding operation is implemented using an Overlap and Add (OLA) approach [10] . Similar to the manner in which interference suppression for wideband systems is done in the frequency domain, the interference suppression architecture with IQ mismatch compensation can also be extended to the frequency domain.
A. The Expanded Subspace Concept in Frequency Domain
Consider the formulation for MIMO systems (20) in the frequency domain, where the equivalent signal Z(k) in the frequency domain is obtained using the property of the Npoint Discrete Fourier Transform z
where k is the sub-band index, and⇤ is the equivalent channel in the frequency domain. Here again, as long as it is possible to estimate the expanded channel matrix⇤ of size 2r ⇥ 2s (where r is the number of receive antennas and s is the number of signal spatial streams) the effect of IQ mismatch can be mitigated.
The spatial covariance R˜ +W of the interference plus noise can be computed by considering the signal and the conjugate of its image tone jointly in the frequency domain and averaging over time.
Thus if the effective channel in each of the sub-bands was truly flat, then for a signal with s spatial streams, m interferers could have been completely suppressed with r receive antennas as long as 2m  2r 2s or m + s  r. However, despite the sub-banding architecture there will be some spreading of eigen modes as described earlier, which is why the interference can never be completely suppressed. Nevertheless, the expanded sub-space concept can still be used to compensate for IQ mismatch till the spreading of eigen modes becomes large.
B. Architecture for IQ Mismatch Compensation
Fig . 5 depicts an interference suppression architecture with IQ mismatch compensation, which is based on the expanded subspace concept. The idea is to convert the time domain signal into the frequency domain, suppress the interference in the expanded sub-space and then convert it back to the time domain. The received signal z is first sub-banded by passing it through an FFT, and the spatial covariance of the interference plus noise R˜ +W is computed by considering a sub-band and 
This filter is of size 2r ⇥ 2r. Again, as noted in [5] , the additional complexity associated with the expanded subspace concept is inverting a matrix with double the dimensions. However, since the sub-band and the image band are considered together, the interference suppression needs to be performed for only half the total number of sub-bands. The filtering is applied to the signalZ formed by considering the signal and its image tone together in the frequency domain, and the output of the filterP is given by
Finally the clean signal p is produced by passing each subband and the conjugate of its image band through an IFFT. Since the FFT and IFFT blocks are already part of the subbanding architecture for wideband interference suppression systems, this scheme would need N 2 matrix inversions each of size 2r ⇥ 2r. Thus the resulting complexity cost is an increase in the size of the spatial covariance matrix to be inverted, and the operation has to be performed for half the total number of sub-bands.
Additionally, the IQ mismatch compensation architecture can be applied to a wideband system irrespective of the FFT size of its sub-banding operation. The only constraint is that this architecture would be effective only if the performance degradation is actually being caused by the IQ mismatch. As discussed earlier, the frequency selectivity of the channel causes the eigen modes of the interference spatial covariance matrix to spread, and this spreading is more as the bandwidth increases or the number of sub-bands in the FFT decrease. Therefore, when the effective channel in each sub-band is not flat, the frequency selectivity of the channel itself limits the interference suppression ability and not the IQ mismatch. In this case we do not expect to see any gain by introducing IQ mismatch compensation. 
VI. SIMULATION RESULTS
Sample Matrix Inversion based spatial interference suppression [2] was used as the frontend filter for a 802.11n compliant MIMO-OFDM transceiver with four antennas and complete synchronization and packet detection functionality [7] . The simulations were carried out using channel models from the 802.11n standard [8] -Channel A for flat fading and Channel C for frequency selective fading. Channel C has a rms delay spread of 30ns, which is typical of indoor environments. As a representative case, the system is simulated using MCS 10 [7] (QPSK modulation with rate 3 4 FEC and 2 spatial streams) in the presence of wideband gaussian interference. The IQ mismatch and sub-banding parameters are given in Table I. A. Narrowband System: Flat Fading Channel Fig. 6a illustrates the SINR gain (10) at packet synch as a function of the Signal to Interference (SIR) ratio. We see that the SINR gain increases linearly with decreasing SIR in the absence of IQ mismatch. In fact, the SINR gain is equal to the Interference to Noise ratio, which indicates that the interference is being suppressed to the noise floor. However, in the presence of IQ mismatch the SINR gain saturates at around 40dB when W SMI is used. This is the amount of image suppression expected from analog processing, and beyond this the interference from the image band begins to rise above the noise floor. By using the interference suppression architecture proposed in Section IV, we can eliminate this saturation by suppressing even the image band of the interference in the expanded sub-space.
The Packet Error Rate (PER) of the system is shown in Fig.  6b . As discussed in Section IV.A, [5] presents an approach for estimation of MIMO -OFDM signals in the presence of IQ mismatch. The IQ mismatch case indicates the PER when W SMI is used as the frontend filter, and the MIMO decoder for the receiver is based on the IQ mismatch compensation scheme presented in [5] . Despite the compensation, the PER still degrades since the interference cannot be suppressed at the frontend, thus affecting parts of the receiver like packet detection and channel estimation severely. Finally, the compensation case illustrates the performance of the interference suppression architecture presented in this paper, and the interference can now be suppressed like before.
It is important to note here that we also require the MIMO decoder presented in [5] since our interference suppression architecture combines the signal with its image tone, and they can no longer be decoded independently without a penalty. 
B. Wideband System: Frequency Selective Channel
The no IQ mismatch case in Fig. 7a indicates limited interference suppression in the presence of frequency selective channels, as discussed in Section V. This limit is further reduced due to IQ mismatch. Even in this case, we can undo the effect of the IQ mismatch by using the interference suppression architecture proposed in Section V. Fig. 7b illustrates the packet error rate degradation due to IQ mismatch and the gain due to compensation. It is worth noting here that the MIMO decoder from [5] does give rise to a performance loss depicted by the gap between the curves with compensation and with no IQ mismatch, and this is because we now have to estimate 4x more channel coefficients. Nevertheless, the performance gain due to IQ mismatch compensation is still around 12dB at 10% PER.
VII. CONCLUSION IQ mismatch was found to limit the interference suppression ability of second order statistic based spatial interference suppression systems. Moreover, it was shown that compensating for IQ mismatch at the decoder is insufficient, since functionalities like packet detection and synchronization remain degraded. An interference suppression architecture based on the concept of expanding the received signal sub-space was presented, and was shown effective in mitigating the effect of IQ mismatch by as much as 12 dB in indoor environments.
